The dependence of the angular momentum polarization (orientation and alignment) of the fragments on the direction of ejection k, is studied quantum mechanically for molecular photodissociation into two fragments of which one carries an angular momentum j. Explicit expressions in terms of the transition matrix elements for electronic excitation into the final dissociative states are given in the axial-recoil limit and for different photon polarizations. The importance of interference effects due to coherent excitation of dissociative states with different helicity quantum numbers (the projection CI of j on the recoil direction k) is stressed. It is shown that not only absolute magnitudes but also relative phases of individual transition matrix elements can be determined separately if the spatial anisotropy of the angular momentum polarization is measured.
I. INTRODUCTION
The study of vector properties in molecular photodissociation processes has received considerable experimental and theoretical attention lately14 as a mean to obtain the most detailed information on the fragmentation dynamics. It is possible, for instance, to measure the distribution among magnetic sublevels m = jz< corresponding to the projection of the angular momentum j of a photofragment on the space-fixed Z axis (usually chosen parallel to the photon polarization vector e for linear polarization and to the direction of propagation of the photon for circular or unpolarized light, see Fig. 1 ). This so-called angular momentum polarization of the fragments corresponds to a determination of the correlation between the vectors j and Z. In the simplest experimental situations the degree of polarization of the fragments is characterized by the orientation and alignment, which are related to the krst and second moments of the m distribution, i.e., to ( jz) and (is}, respectively.5-'2 Another vector property is the angular distribution of the photofragments in space, i.e., the correlation between the recoil direction k of the fragments and the space-fixed Z vector. In many experiments the n,Z] and F,Zl correlations have been measured independently from each other. Thus, orientation and alignment (b,Z] correlation) have very often been measured averaged over all directions of ejection, while the angular distribution (F,Z] correlation) has been determined irrespective of the angular momentum polarization of the fragments. These measurements provide a wealth of crucial information concerning both the symmetries of the excited states and the dynamics of the halfcollision process. However, as has been stressed by Houston and collaborators,'3 the most detailed information on the photofragmentation process is obtained by determination of the correlation between j and k. This intrinsic b,k] correlation can be determined by measurement of the angular momentum polarization of the photofragments as a function of the direction of the recoil vector k of the fragments. This can be performed by analysis of sub-Doppler line shapes obtained by laser-induced fluorescence (LIF) spectroscopy.2*12 '13 In a seminal paper,12 Dixon provided the general theoretical determination of the fi,k] correlation from the analysis of these Doppler-resolved line shapes. For linearly polarized light the correlation is defined by a number of bipolar moments of the translational and rotational angular distributions. In his paper, Dixon has provided the explicit equations which allow the determination of the bipolar moments from the polarization dependence of the Doppler profiles. He has also given an interpretation of the bipolar moments in terms of a semiclassical description of the fragmentation dynamics and some particular examples of the application of this treatment. As has been pointed (14), (17)- ( 19), (22), and (30). n is the direction of propagation of the incident light.
out by Dixon in Sec. V of his paper,12 the bipolar moments can in principle be calculated by use of the general quantum theory of photodissociation dynamics and a knowledge of the involved potential energy surfaces and transition dipole moments. This full quantum treatment of vector properties is necessary when the angular momenta involved are not large or when it is important to have explicit expressions for vector correlations in terms of photodissociation amplitudes which can be calculated by the use of scattering or half-collision theories."*" It is the purpose of this work to provide such a quantum treatment. The formalism used is an extension of that in Ref. 11, where only the integrated angular momentum polarization of the fragments was considered. The problem is conceptually related to the spin and ion angular momentum polarization studies in photoionization.'"' Photofragmentation into two fragments of which one carries an angular momentum j is considered. Direct photodissociation of an initially randomly oriented molecule is assumed and the axial recoil approximation is used. Explicit expressions are provided for linearly polarized incident light and also for excitation with circularly or unpolarized light. The important case where several dissociative states with different helicity quantum numbers (the projection fi of j on the recoil direction k) are excited coherently," is discussed in detail. As expected, vector correlations as a function of the recoil direction of the fragments provide information which would be very difficult to extract from scalar properties. In particular, it is demonstrated that angularly resolved orientation and alignment can determine the individual absolute magnitudes as well as the relative phases of the transition matrix elements.
The organization of the paper is as follows. In Sec. II the excitation matrix for direct photodissociation is given in terms of the state multipoles, The detail of the calculations are given in Appendix A. In Sec. III the general results of Sec. II are used to explicitly calculate the differential cross section for photodissociation and the angular momentum polarization of the fragments. Section IV is devoted to the conclusions. Finally, the relationship between the quantum expressions and the semiclassical bipolar moments defined in Ref. 12 is given in Appendix B. We consider a photodissociation process producing two fragments of which one carries an angular momentum j different from zero. For cases where the two fragments A and B have angular momentum different from zero, j = j, +jB and a final transformation is needed in order to calculate the vector correlations of j, and j, from those of j.lO,ll In first-order perturbation theory for electric dipole transitions the differential excitation matrix for one-photon fragmentation of an initially randomly oriented molecule, can be written as8 
where w is the frequency of the incident light, e its polarization vector, and d the electric dipole operator. In Eq.
( 1) qJi Mi is the wave function of the initial molecular state with angular momentum Ji and projection Mi on the spacefixed Z axis. Finally, the dissociative wave function 'Pjm;k in Eq. (1) describes the two photofragments flying apart with momentum lrik and direction specified by the polar angles Ok and Qk (see Fig. 1 ) . The partial differential cross section to produce fragments with a specific angular momentum j and component m along the space-fixed Z axis, is given by the diagonal elements of the excitation matrix agi( Ok ,@k) defined in Eq. ( 1). However, to calculate the cross section for production of fragments with a component m along another axis the full excitation matrix am,,,, ( (') Ok,@k) is needed. This is the case in double excitation experiments where the photofragments are detected by LIF, for instance. The excitation matrix elements a:), for m'#m describe the coherence between states with different quantum numbers m. In general there may be additional quantum numbers in the problem which may be excited coherently. In the present work only the coherences between magnetic sublevels m are considered. For convenience the superscript (j) will be dropped in the notation of the excitation matrix elements amtrn.
The plane-wave function 'I'jm;k in Eq.
( 1) can be expressed in terms of the spherical harmonics Ylm, according to17 (2) The quantum number I corresponds to the angular momentum associated to the relative motion of the centers of = 5 (-1)S-P+Q(2K+ 1)"2 mass of the two photofragments (orbital angular momentum), with ml being its projection on the space-fixed Z [ Ydk) o9 G(e) IKQ axis. Since it is more convenient to calculate the matrix elements of the dipole operator d in a body-fixed frame with the z axis along the vector R joining the two centers of mass of the photofragments, the wave function Yj,,+ is expressed in terms of molecule-fixed wave functions \yj~M (see Appendix A). J is the total angular momentum with projection R (the helicity quantum number) on the bodyfixed z axis and M on the space-fixed Z axis. This quantum number becomes a good quantum number at infinite separation where the body-fixed z axis become parallel to R. Since I is perpendicular to R, n is also the projection of j on the recoil direction, The quantum number fI can, for instance, correspond to the projection of the electronic angular momentum. For a polyatomic molecule the nuclear rotation also contributes to the projection fI.
It is convenient to express the excitation matrix elements ff,t, (Ok,QJ in terms of the angular momentum polarization moments (state multipoles) TKo( Ok ,Qk), which are the spherical tensors of rank K and component Q defined by '>' The function E&(e) depends only on the polarization of the incident light and is given by@ Eq(e)=(2P+l)1'2 2 (-l) '$ ef, 97' t with P=O, 1, 2. The functions fK( q,q') in Eq. (4) are defined by
The probability to produce the photofragment with an angular momentum j in the direction ( Ok,ak), i.e., the differential cross section, is then directly related to T,(Ok ,<Pk) and the other vector properties are related to the multipoles T&O,,@,) with K> 0. By combining Eqs. (l)-( 3) and applying the properties of the 3 -j symbols in a way analogous to Ref. 11, it is found that the differential polarization moment can be written as (see Appendix A) 2n-s/2w =y--5 2 (-1))4(2P+1)"2(W+1)"2 X t Y&d 0 We) 1~~
( 1 1
where [ Ys( k) QD E,(e)] denotes the tensor product Y.ss (@k,@k>E,,(e) . (5) X"jil,il t"jfl,Clr)*
with Cl =f&-q and CI' = ni-q', and Mjn,sl being the transition dipole matrix elements defined by
I -where cp designates basis functions describing the internal states of the fragments at infinite R. The a( R ) functions in Eq (8) describe the relative radial motion of the fragments and can be calculated using scattering or half-collision techniques. 1oP'8P19 The fK(q,q') functions defined by Eq. (7) contain all the information on the transition dipole moments and fragmentation dynamics via the products of the transition matrix elements Mjap of the dipole operator between the initial bound and final dissociative states as defined by Eq. (8). For this reason they may be called the dynamical functions for direct photodissociation. It should be noted from Eq. (8) that q can only take the values 0 or f 1, corresponding to parallel and perpendicular electronic transitions, respectively. Also, if q#q' in Eq. (7) then Cl#Ct', and this corresponds to a simultaneous coherent excitation of continua with different helicities. These terms are responsible for interference effects in vector properties.3"0'" They cannot appear in the differential cross section which is related to the K=O moment, but they are important in the determination of the orientation (K= 1, 3 ,...) and in the alignment (K=2, 4 ,...). In the diatomic case, they may arise from the simultaneous excitation of a Z and a II electronic state or from the excitation of the two components f 1 of a II state.3
The dynamical functions fK(q,q' ) defined by Eq. (7) obey the following symmetry n&s:20 J. Chem. Phys., Vol. 100, No. 5, 1 March 1994
One consequence of these properties is that odd K moments cannot be produced via parallel transitions21 for which q=q'=O since according to the first of Eqs. (9),
Equations (4) to (8) give our final expressions for the angular-dependent state multipoles TKQ( @k ,@k) in terms of the transition matrix elements of the dipole operator, for all possible incident photon polarizations and for any choice of the space-fixed reference frame. From the 3 -j coefficients in Eq. (7) it follows that T&$@k,@k) can be different from zero for K=O, 1,...,2j. Also, from the 3-j coefficient in Eq. (5) it is seen that Q can take any integer value from -K to K. On the contrary, if the TKQ( Ok ,Qk) are integrated over the dissociation angles (@k,@k), only the S=O term contributes to Eq. (4) and in that case from Eqs. (5) and (6) one obtains the well-known result that the integrated polarization moments TKo are nonzero only for K=P=O, 1, and 2.' are the components of the Epp(e> polarization functions defined in Eq. (6) in the body-fixed coordinate frame. We note from Eq. ( 11) that the components Q of the angular momentum polarization moments y~Q(Ok,@k) in the body-fixed frame are restricted to the values Q=O, f 1, f 2. This is expected for one-photon electric dipole transitions for which only parallel (q = 0) or perpendicular electronic transitions (q = f 1) are allowed.
Using the yKQ( @k ,@k) multipoles the excitation matrix in the body-fixed frame can then be obtained by
Using Eq. (4) into Eq. (3b) it is possible to obtain the angular-dependent quantum excitation matrix o,~,,, (Ok ,@k) for direct photodissociation of an initially randomly oriented molecule. It is possible, starting from Eq. (3b), to establish the connection between this quantum theory and the semiclassical treatment of Ref. 12 which was given in terms of bipolar moments. This connection is presented in Appendix B.
In addition to the space-fixed multipoles TKQ given by Eq. (4), it is po ssi e o e ne o y xe multipoles yKe b1 t d fi b d -fi d by the transformations (13a) which is the equivalent of Eq. (3b) in the space-fixed frame. Actually, the space-fixed a&,(@k,@k) and the body-fixed anPn( Ok ,@,J excitation matrices are related by the transformation rKQ(@k,*k) = 2 ~~(qZk,Ok,o)TKP'(Ok,~k), 0' (loa)
Actually, these multipoles refer to a frame with the z axis along the recoil direction of the fragments k. Asymptotically however, i.e., for infinite R, the k becomes rigorously parallel to R. Anyway, within the framework of the axial recoil approximation used in this work k and R are always parallel (see Fig. 1 ) . From Eq. ( 10) and using the Clebsch-Gordan series' to perform the summations over S and s in Eqs. (4) and ( 5) 
If the space-fixed Z axis is chosen to coincide with the polarization vector for linearly polarized incident light and with the propagation direction of the light for circularly polarized or unpolarized light (see Fig. I ), then p =0 in Eq. (6). With this choice of space-fixed coordinates it can be shown, from Eqs. (4) and (5), that after angular integration only the Tm multipoles can be different from zero. This in turn implies that integration over all dissociation directions makes the excitation matrix ~~1, diagonal.
Since the T,(@,,@,) multipoles determined the diagonal elements of the excitation matrix a,~,,,, it is useful (11) to provide their explicit expressions in terms of the dynamical functions fK(q,q') defined in Eq. (7). From Eqs. (4) and (5) it is found =y 5 d%i( -1 )K+q'fK(q,q') 5 (2p+ 1 )"2
x $pp (%@k ,@k) where
where a and b are coefficients which depend only on the state of polarization of the incident light. They are listed in Table I for linear, circular, and unpolarized photons. The Wigner rotation matrix elements $,, (& ,Ok ,O) appearing in Eq. (14) are presented explicitly in Table II for K=O, 1, and 2. The anisotropy parameter /3K in Eq. (14) is given by q=q'. From the definition of the dynamical fK(q,q') functions given in Rq. (7) it is seen that this corresponds to a sum of incoherent terms of the form ]~Vjn+r]~. Actually, a comparison of Eqs. ( 14) and (lob) reveals that the coefficient of & in Eq. (14) is just the body-fixed multipole rm Its angular dependence is given by [ 1 +fiKP2 (cos Ok)] for even K and by cos Ok for odd K. For odd K, however, it will be different from zero only for circular polarization (see Table I ). The two other terms in Eq. ( 14) are proportional to %(Qk,@k,O) ami @(%,@k,O), and involve fK(q,q') functions with q-q'= 1 and 2, respectively. From Eq. (7) it is seen that they correspond to terms of the form Mjnp (Mjn,al) * with R-n' = i 1 and f 2, respectively. Therefore, in order to have a contribution from these terms it is necessary to have simultaneous (coherent) excitation of final dissociative states with different helicities. As stressed above, these terms give rise to interference effects which are important in many cases. In particular, they were invoked as a possible mechanism to explain the anom-TABLE I. Polarization-dependent coefficients a and b in Eqs. (14), (22) ( 14) that the angular dependence of the term proportional to 6 is very different for even and odd K. The term proportional to x, on the other hand, is nonzero only for the multipoles with an even K.
The general conclusions presented above are not only valid for K= 1 and K= 2 but also for the higher order state multipoles (K=3,4,...,2/). The multipoles of rank K> 2 vanish after integration over the recoil direction and thus they can be obtained only from angular resolved studies. However, the higher polarization moments are of interest. They provide more detailed information on the spatial distribution of j.
Ill. DIFFERENTIAL CROSS SECTION AND ANGULAR MOMENTUM POLARIZATION OF THE FRAGMENTS
In this section we provide the explicit expressions for the differential cross section, as well as for the orientation and the alignment of the fragments angular momentum for the most usual choice of the space-fixed frame, namely the one in which the 2 axis is in the direction of the polarization vector for linearly polarized incident light and in the direction of the propagation direction of the light for circularly polarized or unpolarized light (see Fig. 1 ).
A. Differential cross section From Eq. (3a) it is easy to show that the differential cross section a( Ok ,@k) for production of a photofragment with a specific angular momentum j is proportional to the zero-order multipole To-J a,@), The angular-dependent orientation of the photofragment angular momentum j is defined by'*'
with j&"=jz and jyi=r(l/fl)j,, where j*=(j, hijr).
From Eqs. (3) one gets
If again, the space-fixed 2 axis is chosen as in Fig. 1 
where a and b are the polarization dependent coefficients listed in Table I . A number of conclusions follow from Eqs. On the other hand, f i ( 1, 1 > which involves perpendicular transitions, does contribute to the orientation. It is interesting to note, however, that f, ( 1,l > as given in Eq. (7), vanishes if fi = Cl' = 0. Thus from Eqs. (2 1) and (22) it is concluded that in order to produce orientation of a photofragment angular momentum j at least one perpendicular transition to a state with C!#O has to be involved in the photofragmentation process.
The angular dependence of the expectation values ( j,) and ( jz) as obtained from Eqs. (20) to (22) are presented by polar graphs in Fig. 2 for circularly polarized light. Figure 2 
XY plane. The maximum value of (jr) is reached for
Physical insight on the results given in Eqs. (22) can fragments moving in the YZ plane at an angle Ok=?r/4 or be obtained by writing the photofragment angular momen37r/4. In Fig. 2(b) a similar polar graph corresponding to ( jz) ~cos' Ok for a pure perpendicular transition is presented. In this case (jz) is equal to zero for dissociations in the XY plane and reaches a maximum if the fragments move along the Z axis. The angular dependence of (j,) for a coherent excitation of a parallel and perpendicular transition is proportional to sin' 0, and is presented in Fig.   turn as [see Fig. 3(a) l -j=is k+jl (kXZ)+j; [ Thus, j,l is the component of
j along k, j, is the compo-2(c). From this figure it is clear that coherent excitation nent perpendicular to the plane containing k and the labgives a maximum of ( jz) for fragments flying apart in the oratory Z axis, while j; is the component lying on the XY plane while ( jz> = 0 for fragments moving along the Z same plane and perpendicular to k. Using Eqs. (20)- (23) ' v~iMi> after evolution of the dissociating system. The components of M in the body-fixed frame, as defined in Fig. 3(b) , can be written for circularly polarized incident light as
M,= -Mz exp( -i&)exp( -iwt)/$=M*k.
(25c)
The phases #x and & are due to the evolution of the system during the dissociation, which causes a dephasing between the dissociative channels populated by the parallel transition and the perpendicular transition. The classical angular momentum introduced by the transition can be written as (26 1 From Eqs. (25) and (26) 
Comparison of Rqs. (24) and (27) shows that the classical model describing the interaction of circularly polarized light and the molecule gives essentially the same results as the quantum-mechanical treatment. Note that for linearly polarized light the classical angular momentum is given by Eq. (27b) after replacing Ok by Ok-r/2. The other components of the classical angular momentum are zero for linearly polarized light.
Equation (26) shows that the transition dipole moment M must rotate in order to obtain a nonzero angular momentum. In a pure parallel transition the vector M is oscillating along the body-fixed z axis and does not rotate. In a pure perpendicular transition induced by circularly polarized light the vector M rotates in a plane perpendicular to the internuclear axis, creating an angular momentum along the internuclear axis. If both parallel and perpendicular transitions are induced by linearly polarized light, the dephasing of the transition moments due to the dissociation causes the vector M to rotate in the plane containing the internuclear axis and the laboratory Z axis. This gives rise to an angular momentum perpendicular to that plane. Fig. 3(b) ]. The direction of the angular momentum is changed accordingly such that tan a-if;:
-Mx si~kl~~;~~f-W SC n * The component (jSC)l can be explained analogously.
Equations (22) and (24) demonstrate that the function f 1( 1,O) can be obtained by measuring the angular dependence of the orientation of the angular momentum j. This enables one to determine the relative phases of the transition matrix elements for parallel and perpendicular transitions. The dissociation angles and polarizations of the incident light needed for a straightforward determination of the f t (q,q') functions are given in Table III The alignment Ah"(j) of the photofragment ang momentum j is defined as'
with j',"i=si",, j',2{=r$jj(2j,&l) , and jh2' = (l/ x(3j$ -j2) where j*= (j,h,ij,) .
From Eqs. (3) (28) one gets If the space-fixed Z from Eq. (4) it follows take the form axis is chosen as in Fig. 1, 1 that the T,,(O,,@,,) multip 
T,-,(Ok,CPk)=T2*22(0k,~k).
As in Eqs. ( 14) and (22) the polarization dependent coefficients a and b in Eqs. (30) are those given in Table I . The appearance of f2 (0,O) and f2 ( 1,l) in Rqs. (30) indicate that both parallel and perpendicular electronic transitions give rise to alignment of j.
The factors between { } in Eq. (3Oc) are proportic to the multipoles of rank 2 in the body-fixed coordir frame. For instance, the first term in Eq. (3Oc) involv incoherent excitations of parallel and perpendicular tr sitions, i.e., containing f2(0,0) and f 2( 1,l) dynam functions, is due to the component ju of j, i.e., the CC ponent parallel to the body-fixed z axis [see Fig. 3(a) ]. : third term, involving the function f2( l,-l), is due to components of j perpendicular to the body-fixed t axis. r second term, involving the coherent excitation of para Fig. 4(b) presents the contribution of the term involving fi( 1,l). It is seen that they both vanish at the magic angle where 3 cos2 Ok--1 =O. Figure 4(a) shows that for a parallel transition the alignment is zero if the photofragments are flying apart along the 2 axis, and that maximum alignment is reached for fragments with recoil directions in the XY plane. For the f2( 1,l) contribution, the alignment is maximum for fragments moving along the Z axis, see Fig. 4(b) . Figure 4 (c) represents the alignment due to the coherent term involving Re[ f2( l,O)] in Eq. (30~). This contribution vanishes for dissociation along the Z axis and in the XY plane. Actually, it gives maximum alignment for Ok=rr/4. Finally, in Fig. 4(b) the contribution to the alignment of the term involving the function f2( 1, -1) is presented. This contribution gives zero alignment for fragments flying apart along the Z axis and its maximum contribution is for fragments moving in the XY plane.
As in the case of orientation, angular resolved studies of the degree of alignment provide information about the incoherent and coherent excitation processes separately, which cannot be obtained from the alignment integrated over all final dissociation directions. Table III presents the dissociation angles and polarizations of the incident light which are needed for a straightforward determination of the dynamical f2(q,q ') functions. In addition to the information which can be obtained from the differential cross section and the degree of orientation, it is seen from Table III that f2( 1, -1) can be determined by a combination of the alignment along the Z axis measured at Ok=O, 7r/4, and r/2 with linearly polarized light.
IV. CONCLUSIONS
The spatial anisotropy of the angular momentum polarization (orientation and alignment) of a photofragment has been studied quantum mechanically for one-photon electric dipole transitions. Photodissociation into two fragments, one of which carries a nonzero angular momentum j, was considered. The process was assumed to be direct and the axial recoil approximation has been used. The final expressions for the polarization moments do not rely on a particular choice of coordinate frame or on the polarization of the incident light. The cross section for production of a photofragment with both the magnitude and the component on a particular quantization axis of its angular momentum specified, can be obtained from these polarization moments. Explicit expressions for the angular resolved degree of orientation and alignment are obtained in terms of the transition matrix elements for electronic excitation into final dissociative states. The results of the quanta1 treatment are also discussed by comparison with those obtained by treating the radiation-matter interaction classically.
It is shown that determination of the angular resolved polarization of the photofragments provides detailed information on the photodissociation dynamics, which cannot be obtained from the integrated data. In particular, it is demonstrated that in the case of coherent excitation of continua with different helicity quantum numbers (the projection of j on the recoil direction) it is possible to extract both the absolute values and the relative phases of the transition matrix elements. The relationship between the quantum theory of F,j] correlations and Dixon's semiclassical treatment12 in terms of bipolar harmonics, has been established. This is very useful Since the semiclassical limit is valid in the limit ofj much larger than the total angular momentum J; a situation very often encountered in the dissociation of polyatomic molecules where j corresponds to the rotation of the fragments.
The calculations presented in this paper assume that the molecule is initially isotropic, i.e., randomly oriented in space. In the future, it will be important to develop similar treatments for initially oriented molecules for which experimental results are becoming available.4(c) It is more convenient to calculate the matrix elements of the dipole operator d in the body-fixed coordinate frame. Therefore the wave function Yjmlm, is expressed in terms of wave functions for which the component fI of the total angular momentum J on the z axis is well-defined at infinite internuclear separation. This can be done according to19 jl j2 j3 X j4 j5 j3 ml m2 -3 m4 m5 m3 H (-47) are performed by (-48) The summations over I and I' can subsequently be carried out by the use of Eq. (A6) with the result 
The multipoles TKp as defined by Eq. (3b) are now calculated by substitution of Eq. (A9) into Eq. (3b). The summation over m, ml, and r is then carried out by using Eq. (A8). The summations over R and J in the resulting equation is performed by using Eq. (A6). The summation over J' can then be done by applying the orthogonality property of the 3 -j symbols. The final result is *(2K+1y2 c c c X(-l)' TKQ= c I+20-ni+s+S+P+P(~+ 1)112(2$+ 1)1/Z cm ni Pp ss (AlO) With the definitions givin in Eqs. (5) and (7), Eq. (AlO) reduces to Eq. (4).
APPENDIX B: RELATION WITH THE SEMICLASSICAL BIPOLAR MOMENTS
In the semiclassical limit of j $ J, the projection m of j on the space-fixed Z axis may be considered to vary continuously and one can write %?A@kt~k) &f&,) 3 (Bl) where dwk denotes the volume element corresponding with the polar angles of ejection (Ok ,qk), while Wj corresponds to that for polar angle (Oj,@j) between j and the bodyfixed z axis (see Fig. 1 The bipolar harmonis are defined as7P8,25
= g (--1)p-pxw+1)1'2 (2K+1),;2S+l)*,2
Note that the summation in Eq. (B3) reduces to only one term, since in Eq. (B2) m=m', The coefficients $(K,S) are the bipolar momentst2 and in the present notation they are given by where o. is the angular integrated cross section. Equation (B6) provides the relationship between the general form of the semiclassical excitation matrix [Eq. (BS)] and the detailed quantum matrix elements of the transition dipole through the functions fK( q,q' > defined in Eq. (7). The functions fK( q,q') can relate to incoherent terms (q=q') as well as coherent terms (Iq-q'l=l or ) q-q' ]=2). In the semiclassical limit j % J, and thus j)a, the angle between j and the recoil direction of the photofragments is Oj= II/2. Using the semiclassical approximation (B2) in Eq. (7) yields
